Lithium niobate, LiNbO 3 , is an important technological material with good electro-optic, acousto-optic, elasto-optic, piezoelectric and nonlinear properties. Computer modelling provides a useful means of determining the properties of the material, including its defect chemistry, and the effect of doping on the structure. In this work, doubledoped LiNbO 3 was studied, and the energetics of the solid-state reactions leading to incorporation of the dopants was calculated. The following combinations of dopants were studied: Fe and Cu; Ce and Cu; Ce and Mn; Fe and Rh; and Ru and Fe. For most of these combinations, the co-doping process decreases the energy required for incorporation of the dopants, and the final defect configurations are consistent with experimental results, where available.
Introduction
Lithium niobate, LiNbO 3 , is a material of great technological importance, with many applications in devices that exploit its properties, which range from elastic to photorefractive [1] [2] [3] [4] .
LiNbO 3 crystals have been extensively investigated as holographic recording materials because of their attractive photorefractive properties, and their availability in large size and good quality [5] . Experimental results show that non-volatile holographic recording has been achieved in LiNbO 3 [7] showed that ability to record a hologram, the stability of the system and the scattering of light are all strongly influenced by co-doping in LiNbO 3 .
Computer modelling provides a useful means of determining the properties of materials, including their defect chemistry and the effect of doping on structure. Previous papers have presented a new potential model for LiNbO 3 [8] and reported the doping of structure by rare earth ions [9] and a range of trivalent ions [10] . This paper reports a computational study of the double doping of LiNbO 3 by Fe and Cu, Ce and Cu, Ce and Mn, Fe and Rh, and Ru and Fe. Solution energies are calculated for doping with these ions, which enable predictions of mechanisms of incorporation of the dopants to be made, and also help interpretation of the holographic recording properties of the material.
Methodology (a) Modelling the perfect lattice structures
All materials are modelled using interatomic potentials of Buckingham form, supplemented by a Coulombic interaction term
In this equation, A, ρ and C are parameters whose values are obtained by empirical fitting, and q 1 , q 2 are the charges on the interacting ions. Full details of the derivation of the potential for LiNbO 3 are given in [8] .
The additional potentials required for this study, representing the interactions between the dopant ions and oxygen, were obtained in a similar way, by fitting parameters to the parent oxide structures. The potential parameters are given in table 1, and table 2 summarizes the expected good agreement between experimental and calculated structures.
(b) Defect calculations: defect formation and solution energies
The defect calculations employed in this work use the Mott-Littleton approach [11] in which point defects are considered to be at the centre of a region where all interactions are treated explicitly, whereas approximate methods are employed for regions of the lattice more distant from the defect. The calculations were performed using the GULP code [12] .
Defect formation energies, corresponding to doping ions into the LiNbO 3 lattice, are calculated, but, on their own, they do not include all the energy terms involved in defect formation. Hence, solution energies are calculated that also take into account formation of dopant ions from their parent oxides, and the formation of any charge compensation defects involved. For example, considering doping of a Cu + ion at a Li + site in LiNbO 3 , and assuming that the following process occurs:
The energy of this reaction, E sol , expressed per single dopant ion, is
In this equation, the 'E latt ' terms are lattice energies, and E(Cu Li ) is the defect formation energy for Cu at a Li site. In §3, solution energies are reported for double doping in LiNbO 3 . Basic defect formation energies, and lattice energies needed in these calculations, are given in table 3. Kröger-Vink [20] notation has been employed for the defects in table 3.
Results and discussion
Four different combinations of two dopants were considered in this paper: (i) two trivalent ions, (ii) one trivalent and one monovalent ion, (iii) one tetravalent and one divalent ion, and (iv) one tetravalent and one trivalent ion. These combinations were chosen because they are quoted in experimental work reported in the literature, and these combinations seem to give the best set of properties that enable new applications. The ions involved in these four combinations are Cu + , Mn 2+ , Rh 3+ , Fe 3+ and Ce 4+ . For each of the four possibilities, a series of mechanisms were devised including different charge compensation defects. All mechanisms were written as solid-state reactions and for each of them the solution energy (E S ) was calculated. The reactions are shown in the following sections, where Kröger-Vink [20] notation has been used.
(a) Two trivalent dopant ions (M = Rh 3+ , R = Fe 3+ )
1. Substitution of M = Rh 3+ and R = Fe 3+ at Li + sites with lithium vacancy compensation: 
3. Self-compensation with R = Fe 3+ at a Li + site and M = Rh 3+ at a Nb 5+ site:
4. Substitution of M = Rh 3+ and R = Fe 3+ at Nb 5+ sites with Nb 5+ anti-site compensation:
5. Substitution of M = Rh 3+ and R = Fe 3+ at Nb 5+ sites with compensation provided by a Nb 5+ anti-site and a Li + vacancy: 
(b) One trivalent and one monovalent dopant ion (M = Ce 3+ or Fe 3+ , R = Cu + )
1. Substitution of M = Ce 3+ , Fe 3+ and R = Cu + at Li + sites with Li + vacancy compensation: 
3. Substitution of M = Ce 3+ , Fe 3+ and R = Cu + at Nb 5+ sites with Nb 5+ anti-site compensation:
3+ , Fe 3+ and R = Cu + at Nb 5+ sites with charge compensation by a Nb 5+ anti-site and a Li + vacancy: 
(c) One tetravalent and one divalent dopant ion (M = Ce 4+ , R = Mn 2+ )
1. Substitution of M = Ce 4+ and R = Mn 2+ at Li + sites with Li + vacancy compensation:
2. Self-compensation with M = Ce 4+ at a Li + site and R = Mn 2+ at a Nb 5+ site:
3. Self-compensation with R = Mn 2+ at a Li + site and M = Ce 4+ at a Nb 5+ site:
Substitution of M = Ce
4+ and R = Mn 2+ at Nb 5+ sites with Nb 5+ anti-site compensation: 
4+ and R = Mn 2+ at Nb 5+ sites compensated by a Nb 5+ anti-site and a Li + vacancy:
6. Substitution of M = Ce 4+ and R = Mn 2+ at Nb 5+ sites with compensation by an O 2− vacancy:
(d) One tetravalent and one trivalent dopant (M = Ru 4+ , R = Fe 3+ )
1. Substitution of M = Ru 4+ and R = Fe 3+ at Li + sites with Li + vacancy compensation:
2. Self-compensation with M = Ru 4+ at a Li + site and R = Fe 3+ at a Nb 5+ site:
3. Self-compensation with R = Fe 3+ at a Li + site and M = Ru 4+ at a Nb 5+ site:
Substitution of M = Ru
4+ and R = Fe 3+ at Nb 5+ sites with compensation given by a Nb 5+
anti-site:
anti-site and Li + vacancy compensation:
6. Substitution M = Ru 4+ and R = Fe 3+ at Nb 5+ sites with compensation given by an O 2− vacancy:
The solution energies were calculated for each of the above reactions using the expressions given. The basic defect formation energies and lattice energies required to calculate the solution energies are given in table 3. The defect formation energies and solution energies for each dopant combination are given in tables 4-7. The calculations were carried out assuming that the dopant and the charge-compensating defects are located at neighbouring sites, meaning that all formation energies include binding energies arising from the Coulombic interaction between the net charges of the defects.
In tables 4-7, the lowest solution energies for each pair of dopants are italicized. Comparing these results with available experimental data, it is noted that, for Ce 4+ , Mn 2+ doping ( (table 7) , the two lowest energy schemes are highlighted, including scheme (ii), with the two ions substituting at both Li and Nb sites; this observation is consistent with the results of Xi et al. [22] . Looking at the solution energies in general, it is noted that, for the most favoured schemes in tables 5-7, they are negative. This is unusual compared with values obtained for single ion doping (which are usually positive), and implies that co-doping assists the doping process in these cases. For example, for the case of single Fe 3+ doping [10] , the most favourable mechanism involved incorporation of the dopant at both Li and Nb sites with solution energies of 0.16 eV at 0 K, and 0.94 eV at 293 K. Co-doping with either Ru 4+ or Cu + results in negative solution energies, implying that doping is a favourable process. Similar results are observed for Ce 3+ doping, where previous results [9] indicated that self-compensation at both Li and Nb sites was the most favourable mechanism, with solution energies of 0.85 eV and 1.25 eV for 0 K and 293 K, respectively. When Ce 3+ is co-doped with Cu + , the lowest solution energies are negative, indicating that it is easier to incorporate Ce 3+ in the LiNbO 3 matrix when Cu + is also added.
Conclusion
The paper has presented a survey of doping of LiNbO 3 by transition metal ions, and predictions have been made of the energetically optimum sites for the location of these dopant ions. In addition, the predictions of the present study are in line with those of recent experimental work in this field.
